Ubiquitin carboxyl-terminal hydrolase L-1 (UCH L-1) is a crucial enzyme for proteasomal protein degradation that generates free monomeric ubiquitin. Our previous proteomic study identified UCH L-1 as one specific target of protein oxidation in Alzheimer's disease (AD) brain, establishing a link between the effect of oxidative stress on protein and the proteasomal dysfunction in AD. However, it is unclear how protein oxidation affects function, owing to the different responses of proteins to oxidation. Analysis of systems in which the oxidized protein displays lowered or null activity might be an excellent model for investigating the effect of the protein of interest in cellular metabolism and evaluating how the cell responds to the stress caused by oxidation of a specific protein. The gracile axonal dystrophy (gad) mouse is an autosomal recessive spontaneous mutant with a deletion on chromosome 5 within the gene encoding UCH L-1. The mouse displays axonal degeneration of the gracile tract. The aim of this proteomic study on gad mouse brain, with dysfunctional UCH L-1, was to determine differences in brain protein oxidation levels between control and gad samples. The results showed increased protein oxidation in thioredoxin peroxidase (peroxiredoxin), phosphoglycerate mutase, Rab GDP dissociation inhibitor a/ATP synthase and neurofilament-L in the gad mouse brain. These findings are discussed with reference to the effect of specific protein oxidation on potential mechanisms of neurodegeneration that pertain to the gad mouse.
The gracile axonal dystrophy (gad) mouse is an autosomal recessive spontaneous mutant that was identified in 1984 (Yamazaki et al. 1988) . Pathologically, the gad mouse displays axonal degeneration of the gracile tract, which consists of thoracic, lumbar and sacral dorsal root ganglion axons. This axonal deterioration results in progressive sensory ataxia, and eventually spreads to the motor neurons and other centers in the CNS, causing paralysis and death after 150 days of age (Yamazaki et al. 1988) . Accumulation of ubiquitin and amyloid-b protein deposits is also present along the sensory and motor nervous system (Wu et al. 1996) .
The gad mutation has been identified as a deletion on chromosome 5 within the gene encoding ubiquitin carboxyl-terminal hydrolase L-1 (UCH-L1). The deletion lacks a segment of DNA corresponding to 42 amino acids containing the catalytic site of this protein (Saigoh et al. 1999) . The role of UCH-L1 renders this mouse a suitable model for investigating neurodegenerative disorders, in which altered function of the ubiquitin system is present.
UCH L-1 is a crucial enzyme for maintaining protein degradation by the proteasome, by generating free monomeric ubiquitin (Osaka et al. 2003) . Proteasomal dysfunction occurs in neurodegenerative disorders (Chung et al. 2001; Davies 2001; Ding and Keller 2001; Halliwell 2002) . In Parkinson's disease there is genetic evidence for a contribution of UCH L-1 (Liu et al. 2002; Nishikawa et al. 2003; Jenner 2003) . Our previous proteomic study (Castegna et al. 2002a ) identified UCH L-1 as one specific target of protein oxidation in Alzheimer's disease (AD) brain, establishing a link between the effect of oxidative stress of brain proteins Butterfield et al. 2001; 2002) and the reported proteasomal dysfunction in AD. However, it is unclear how oxidation affects protein function, owing to the different responses of proteins to oxidation. Analysis of systems in which the oxidized protein displays lowered or null activity might represent an excellent model for investigating the effect of the protein of interest in cellular metabolism and evaluating how the cell responds to the stress caused by its oxidation.
Because of the lack of activity of UCHL-1 in gad mouse brain, this animal model was chosen to investigate the effect of dysfunctional UCH-L1 in brain in relation to specifically oxidized proteins. Proteomics appeared to be the most efficient way of performing this study because this method allows screening of both the expression and oxidation of hundreds of proteins at once.
Experimental procedures

Brain samples
Six wild-type and six gad mouse brain cortical samples (300 mg) were sonicated for 30 s in 500 lL two-dimensional polyacrylamide gel electrophoresis (2D PAGE) sample buffer (8 M urea, 2 M thiourea, 20 mM dithiothreitol, 0.2% (v/v) Biolytes 3-10, 2% CHAPS and bromophenol blue). Following centrifugation at 14000 g for 10 min, the supernatant was collected and the protein concentration was determined by using the RC DC assay (Bio-Rad, Hercules, CA, USA) as described previously (Castegna et al. 2002a (Castegna et al. ,b, 2003 .
2D PAGE and western blotting 2D PAGE was performed in a Bio-Rad system using 110-mm pH 3-10 immobilized pH gradient (IPG) strips and Criterion 8-16% gels (Bio-Rad). For the first dimension, 300 lg protein was applied to a rehydrated IPG strip, and isoelectric focusing was carried out at 20°C. Before the second-dimension separation, the gel strips were equilibrated for 10 min in 37.5 mM Tris-HCl (pH 8.8) containing 6 M urea, 2% (w/v) sodium dodecyl sulfate, 20% (v/v) glycerol and 0.5% dithiothreitol, and then re-equilibrated for 10 min in the same buffer except that dithiothreitol was replaced with 4.5% iodoacetamide. For detection of protein carbonyls, an index of protein oxidation (Butterfield and Stadtman 1997) , Western blots (oxyblots) were obtained. The protein hydrazone was formed by incubating IPG strips with 10 mM 2,4-dinitrophenylhydrazine (DNPH)/1 M HCl for 10 min and 2 M Tris base/30% glycerol for 15 min. A detailed description of the chemistry involved in protein carbonyl formation and analysis has been published (Butterfield and Stadtman 1997) . Basically, in the present study protein carbonyls were detected immunochemically by an antibody to the hydrazone formed between protein carbonyls and DNPH, followed by an alkaline phosphate-linked secondary antibody (Castegna et al. 2002a,b) . The IPG strips were rehydrated as described above and placed on Criterion gels (Bio-Rad). After unstained molecular weight protein standards had been applied, electrophoresis was started. Isoelectric focusing was performed as follows: 300 V for 1 h, then linear gradient to 8000 V for 5 h and finally 20 000 V/h. Second-dimension gels were run at 200 V for 65 min . Immunoblotting analysis was performed as described in Castegna et al. (2002a) .
Sample preparation for matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry All mass spectra reported in this study were acquired by the University of Kentucky Mass Spectrometry Facility with an HP 1100 HPLC system modified with a custom splitter to deliver 4 lL/min to a custom C18 capillary column [300 lm (internal diameter) · 15 cm, packed in-house with Macrophere 300 5-lm C18 ; Alltech Associates, Deerfield, IL, USA]. Gradient separations consisted of 2 min isocratic at 95% water : 5% acetonitrile (both phases contain 0.1% formic acid) to begin with; the organic phase was increased to 20% acetonitrile over 8 min, then increased to 90% acetonitrile over 25 min, held at 90% acetonitrile for 8 min, then increased to 95% for 2 min, and finally returned to initial conditions for 10 min (total acquisition time 45 min with a 10-min recycle time). Tandem mass spectrometry (MS/MS) spectra were acquired on a Finnigan LCQ 'Classic' quadrupole ion trap mass spectrometer (Finnigan, Co., San Jose, CA, USA) in a data-dependent manner. Three scans were averaged to generate the data-dependent full scan spectrum. The most intense ion was subjected to tandem mass spectrometry, and five scans were averaged to produce the MS/MS spectrum. Masses subjected to the MS/MS scan were placed on an exclusion list for 2 min.
Tandem spectra used for protein identification from tryptic fragments were searched against the National Center for Biotechnology Information (NCBI) protein databases using a local MASCOT search engine server. Resulting MS/MS spectra assumed the peptides to be mono-isotopic, oxidized at methionine residues and carbamidomethylated at cysteine residues (Castegna et al. 2002a (Castegna et al. ,b, 2003 . However, a 0.8-Da MS/MS mass tolerance was used for searching. Only the MS/MS data provided identification of proteins, and a typical mass spectrum is represented in Fig. 1 .
Probability-based MOWSE scores were estimated by comparison of search results against estimated random match population and were reported as )10*LOG10(p), where p is the absolute probab-ility. All protein identifications were in the expected size range based on position in the gel.
Statistical analysis
Statistical comparison of carbonyl levels of proteins with antidinitrophenyl hydrazone (anti-DNP)-positive spots on 2D oxyblots from gad and wild-type, aged-matched control brain samples was by ANOVA. p < 0.05 was considered significantly different.
Results
DNPH-positive proteins on the blot were located in the gel map and excised for mass spectrometric analysis as described above. Twenty-two proteins were identified (Fig. 2) . Proteins containing reactive carbonyl groups in gad and control brain samples were identified by 2D oxyblot analysis (Fig. 3) .
Comparison of 2D oxyblots with images of Coomassie bluestained 2D gels from the same samples revealed that many, but not all, individual protein spots in the inferior parietal lobule brain extracts exhibit anti-protein carbonyl immunoreactivity. 2D oxyblots and the subsequent 2D gel images were matched and the anti-DNP immunoreactivity of individual proteins separated by 2D PAGE was normalized to their protein content, obtained by measuring the intensity of colloidal Coomassie blue staining. This procedure allowed comparison of oxidation levels of brain proteins in gad and control subjects (Castegna et al. 2002a,b; .
Only four proteins exhibited a significant increase in protein carbonyls in gad compared with control samples (Table 1) . Three of these proteins were identified as phosphoglycerate mutase (1025 ± 187% of control), thioredoxin peroxidase (708 ± 123% of control) and neurofilament L (NF-L) (853 ± 13% of control). ATP synthase was identified together with Rab GDP dissociation inhibitor a; these two proteins have the same isoelectric point (pI) and molecular mass and it was impossible to separate them by 2D PAGE. The oxidation level for this mixture was 154 ± 43% of the wild-type spot. Table 2 presents the unique protein identifier (GI accession number), number of peptides identified, sequences determined, percentage sequence coverage, the probability-based MOWSE score and the p value for each oxidized protein identified. Note that the latter is exceedingly small, indicating that the identity established for each protein is correct. 
Discussion
The presence of non-functional UCH L1 in the gad mouse results in severe motor neuronal impairment. The results presented here give insight for the first time into the mechanism of neuronal degeneration in the gad mouse. Oxidative stress is responsible for NF-L disassembly, which in turn impairs axonal transport, causes demyelination and eventually leads to neuronal atrophy and death.
Neurofilaments are axonal proteins that participate in the neuronal cytoskeletal structure and play an important role in the process of myelination. NF-L is a target of intensive study in motor neuron disease, in which abnormalities of its assembly, secondary structure and post-translational modifications have been detected (Crow et al. 1997; Beckman 1996; Chou et al. 1998; Cookson and Shaw 1999; Gelinas et al. 2000) .
The abnormal accumulation of NF-L in degenerated motor neurons, which is the main pathological feature of amyotrophic lateral sclerosis (ALS), has initiated studies of the relationship between superoxide dismutase 1 mutation, which occurs in familial cases of ALS, and neurofilament accumulation. Superoxide dismutase-initiated nitration of mouse disassembled NF-L showed increases in 3-nitrotyrosine (Crow et al. 1997) , consistent with the finding that tyrosine is often responsible for stabilization of neurofilament subunits, a stabilization fostered by hydrophobic interactions (Heins et al. 1993) . Additionally, transgenic mice expressing a point mutation of NF-L exhibit motor impairment (Cote et al. 1993) .
The hypothesis that neurofilaments might be a target of protein modification in motor neuron diseases in supported by extensive evidence (Beckman 1996; Chou et al. 1998; Cookson and Shaw 1999) . Other than being targets of protein nitration in ALS, neurofilament aggregates also bear advanced glycation endproducts in ALS conglomerates, indicating the susceptibility of neurofilament-L to oxidative insult. The present finding of oxidized NF-L in gad mouse brain, a model for neuron motor disease, confirms previous data that provided evidence for the oxidation-related involvement of NF-L in motor neuron degeneration and established a common pattern for degeneration. If the results shown here for cortical tissue can be extended to spinal cord and motor neurons, the findings may be relevant to molecular mechanisms of neurodegeneration in ALS. Oxidation of NF-L implies modification of hydrophobic interactions that are responsible for the association of the different subunits. In fact, it has been demonstrated that the structure of neurofilament proteins is modified from a-helix to b-sheet Oxidation (M); Oxidation of methionine.
and random coil following free radical damage (Gelinas et al. 2000) , directly relating oxidative damage of neurofilaments to the axonal degeneration in motor neurons. The consequences of neurofilament disassembly are deleterious to neuronal survival: the axonal antegrade and retrograde transport, which is essential for organelles, especially mitochondria which do not self-sufficiently synthesize most of the proteins necessary for their function, would be compromised.
Reduction of the fixed ubiquitin pool and decreased proteasomal function might lead to accumulation of oxidized proteins, which, in turn, might activate microglia and trigger an inflammatory response with production of free radicals. Such events, which might lead to neurodegeneration, might be exacerbated by the oxidation of thioredoxin peroxidase, which was also a target of oxidation in this gad mouse model of neurodegeneration. Thioredoxin peroxidases or peroxiredoxins are small redox proteins that act as antioxidants and catalyze the elimination of hydroperoxides through the reducing system thioredoxin/thioredoxin reductase. This enzyme is considered a strong defense against oxidative stress. Based on the loss of activity of other oxidatively modified brain proteins (Hensley et al. 1995; , the finding of the present study that thioredoxin peroxidase is a target of protein oxidation in gad mouse brain implies harmful consequences for neurons in this UCH L-1-altered mouse, owing to a dramatic decrease in cellular antioxidant capability. Peroxiredoxin I/thioredoxin peroxidase 2 is up-regulated in ALS (Allen et al. 2003) . Moreover, in oxidative stress induced by Fe 2+ or H 2 O 2 (Mitsumoto et al. 2001 ) variant forms of peroxiredoxins have been identified. These investigations by others, coupled with the present finding that peroxiredoxin is oxidized in the gad mouse, are consistent with the existence of common downstream events in oxidative stress-induced neurodegeneration.
An oxidative stress-based mechanism of peroxiredoxin enzyme inactivation can be speculated: the enzyme bears two cysteine residues that are crucial for the antioxidant activity of thioredoxin peroxidase. Products of free radical-induced lipid peroxidation, such as 4-hydroxy-2-nonenal, can introduce carbonyls to proteins by covalent Michael addition to -SH groups of protein side chains (Butterfield and Stadtman 1997; Lauderback et al. 2001) . Thus, it is conceivable that these cysteine proteins in peroxiredoxin are susceptible to attack by the excess 4-hydroxy-2-nonenal in neurodegenerative disorders associated with oxidative stress, including AD. Michael addition of 4-hydroxy-2-nonenal to brain proteins changes their structure and activity (Esterbauer et al. 1991; Subramaniam et al. 1997; Lauderback et al. 2001) .
Phosphoglycerate mutase is the glycolytic enzyme responsible for the interconversion of 3-phosphoglycerate to 2-phosphoglycerate. Glycolytic enzymes and creatine kinase BB are oxidatively modified in AD brain (Castegna et al. 2002a (Castegna et al. , 2002b , and this oxidation might contribute to the reduced glucose metabolism observed in AD brain (Messier and Gagnon 1996) , especially in the temporoparietal and frontal areas (Mielke et al. 1996) . Although there is no evidence of involvement of energy metabolism depletion in the gad brain, the present finding that phosphoglycerate mutase was significantly more oxidized in gad brain than in control brain suggests a possible lower energy metabolism that might exacerbate the consequences of a lack of ATP necessary to carry out normal cellular function. Future studies should address this possibility.
Rab GDP dissociation inhibitor a and ATP synthase were detected as a single spot on the gad brain map, and the spot corresponding to these proteins showed increased carbonyl immunoreactivity. It is not possible at the present time to distinguish the extent of oxidation for the two proteins, the pI and molecular mass of which are practically identical. This result illustrates a limitation of 2D PAGE in separating proteins of similar size and charge distribution. Additional studies are required, perhaps using different isoelectric focusing strips with wider pH gradients, to separate the mixture into two detectable spots.
As seen in the present study, oxidative stress may be a source of protein damage by a vicious cycle, in which targets of oxidation may lead to further damage, as in the gad mouse. Further study of these connections is warranted. The present study demonstrates how the powerful tools of proteomics can provide insights into potential mechanisms of neurodegenerative disease. Continued use of proteomics analysis for the brain proteome in oxidative stress-related neurodegenerative disorders, and animal and culture models thereof, is in progress.
